Abstract. The average kinetic energy of Zn + ions and optical emission intensities from Zn* and Zn + * produced by laser ablation of a Zn target were measured as a function of bias voltage applied to a grid mounted facing the target to elucidate the effects of the external electric field on the laser-produced plasma plume. It turned out that the relative concentration of the ionic species in the plume increased and the crystallinity of the deposited ZnO film improved with increasing the bias voltage.
Introduction
Upon irradiation of a metal target by a focused laser pulse in high vacuum, a laser-induced plasma plume, consisting mainly of neutral atoms, positive ions, and electrons is generated. In pulsed laser deposition (PLD) of thin films, the plume propagates toward a substrate mounted facing the target. The quality of the deposited film is strongly dependent on the plume and thus it is desirable to be able to control its characteristics. In particular, the kinetic energies of the chemical species in the plume have critical effect on the properties of the deposited film. In PLD, the kinetic energies are mostly determined by experimental parameters such as laser fluence, laser wavelength, and ambient gas pressure.
However, the most convenient and straightforward method to manipulate the kinetic energy of ions would be applying electric field between the target and the substrate [1] . Because fast neutrals are often generated by recombination of ions and electrons, this method will also increase the average kinetic energy of the neutrals in the plume. The application of external electric field in PLD has been attempted previously [1] [2] [3] . Although the influence of the field on the PLD-grown films was apparent, detailed analysis of the kinetic properties and concentration of ions has been rarely reported [4] . Here, we present experimental results showing dramatic effects of the external electric field on the expansion dynamics of the plume and concentration of ions.
Experimental
The experimental setup is illustrated in Fig. 1 . The apparatus consists of a target chamber and a quadrupole mass spectrometer (QMS) chamber. They are separated by a skimmer with an orifice diameter of 0.97 mm. Laser ablation occurs in the target chamber, where a 25.4 mm diameter Zn target (Nilaco, 99.999%) is rotated by a standard rotary motion feedthrough to avoid a target aging effect. A mesh electrode was mounted 2.3 cm away from the target which was electrically grounded. The distance from the target to the orifice of the skimmer is 27.9 cm. The 355 nm radiation from a Nd:YAG laser (Spectra-Physics GCR150-10) is focused onto the target by using a 50 cm lens at an incident angle of 45°. Time-resolved plume images were captured by using an ICCD (Intensified Charge Coupled Device) camera system (Andor, DH734). The gate width of the ICCD was 50 ns. The quadrupole chamber is equipped with a quadrupole mass spectrometer (VG SX300). A boxcar averager (SR250) is used to get laser-correlated ion mass spectra. Time-of-flight (TOF) spectra at fixed mass as well as the conventional mass spectra are obtained. The flight distance of ions, 76.1 cm, is defined as the length between the target and an entrance hole to a detector. Ion optics in front of the quadrupole housing are grounded and the ionizer is turned off during the experiment to detect ions only.
Results and Discussion
Figures 2(a) and 2(b) show quadrupole time-of-flight mass spectra of Zn + ions produced by laser ablation of Zn target in high vacuum and at oxygen pressure of 7.5 mTorr, respectively. The voltage applied to the mesh electrode was varied from -100 V to 60 V. In high vacuum, the intensity of Zn + ions, sampled through the skimmer and detected by the QMS, did not change noticeably by applying negative voltage down to -100 V. However, it decreased drastically over the voltage range from 0 to 5 V when the polarity was switched to positive. With further increase in the voltage, the intensity did not change significantly. When the ablation was performed at 7.5 mTorr of oxygen, the voltage dependence of the intensity showed a totally different behavior. From -100 V to 10 V, the intensity and shape of the TOF spectra remained nearly the same, which, at above 20 V, began to change significantly.
At several oxygen ambient pressures, the Zn + ion intensity was measured as a function of the bias voltage, as shown in Fig. 2(c) . At negative bias voltages, the ion intensity was almost identical to that of field-free case. As the polarity is changed to positive, the expansion of cations produced near the target surface is greatly reduced. At voltages above 10 V, the collisional ionization becomes efficient owing to the increase in the kinetic energy of electrons and the intensity of the cations increases. With increase in the pressure at a fixed voltage, the intensity is greatly reduced, as expected, because of the scatterings in the gas phase. The average kinetic energy of cations as a function of the voltage is shown in Fig. 2(d) . There was no voltage dependence when the polarity was negative while it decreased at 0-3 V. At above 3 V, the kinetic energy increased abruptly and again decreased showing a peak at 8 V. The cations were decelerated slightly at 0-3 V. But cations with relatively large kinetic energies passed through the skimmer at 3-8 V, bringing about the increase in the average kinetic energy of ions as detected by the QMS. At voltages above 8 V, ionization of slow neutrals in the gas phase becomes efficient and therefore the average kinetic energy decreases again. 
Conclusion
Laser ablation of a Zn target in electric field was investigated by mass spectrometric and optical emission studies. The concentrations of electronically excited and ionic species in the laser-produced plasma plume as well as their kinetic energies were found to be strongly dependent on the bias voltage applied to grid mounted in front of the target. Also, Zn + /Zn ratio increased significantly with increasing the bias voltage at pressures above 7.5 mTorr. The enrichment of energetic ionic species in the plume is expected to improve the crystallinity of the deposited ZnO film.
